Abstract Using printed organic light-emitting diodes (OLEDs) for lighting, smart-packaging and other massmarket applications has remained a dream since the first working OLED devices were demonstrated in the late 1980s. The realization of this long-term goal is hindered by the very low abundance of iridium and problems when using low-cost wet chemical production processes. Abundant, solution-processable Cu(I) complexes promise to lower the cost of OLEDs. A new copper iodide NHetPHOS emitter was prepared and characterized in solid state with photoluminescence spectroscopy and UV photoelectron spectroscopy under ambient conditions. The photoluminescence quantum efficiency was determined as 92 ± 5 % in a thin film with yellowish-green emission centered around 550 nm. This puts the material on par with the most efficient copper complexes known so far. The new compound showed superior solubility in non-polar solvents, which allowed for the fabrication of an inkjet-printed OLED device from a decalin-based ink formulation. The emission layer could be processed under ambient conditions and was annealed under air. In a very simple stack architecture, efficiency values up to 45 cd A -1 corresponding to 13.9 ± 1.9 % EQE were achieved. These promising results open the door to printed, large-scale OLED devices with abundant copper emitters.
Introduction
After the recent realization of thermally activated, delayed fluorescence (TADF) [1] as a new emitting principle in organic light-emitting diodes (OLEDs), much progress has been made in terms of efficiency [2] and device lifetime [3] . TADF materials make use of both singlet and triplet excitons, because they have a very small energetic separation between the S 1 and T 1 state and a reasonable intersystem crossing constant k isc . This special property puts TADF materials on par with state-of-the-art phosphorescent emitters in terms of efficiency with the additional benefit of being much more sustainable because they lack rare elements such as iridium or platinum [4] . This opens the door to large-scale fabrication of OLED, which could be used for lighting, in displays and even in completely new applications.
However, beside the material availability, processing is of vital importance. So far, only limited results regarding the use of industrial solution-processing techniques of TADF materials are available. Most literature deals with vacuum-processed devices, while few researchers investigated solution-processed devices prepared by spin-coating. Often, TADF materials are too insoluble to allow the careful ink engineering which is required to use more sophisticated, industrial printing and coating techniques. This prompted us to develop a new, ultra-soluble TADF material which allows for the optimization of ink formulations for inkjet-printing and coating. In a showcase experiment, we present-to the best of our knowledgethe first inkjet-printed TADF-OLED. In this work, the printed devices were fabricated under quality-controlled standard processes and conditions. The ITO patterned glass substrates were from Xin Yan Technology Limited, China, with a sheet resistance below 20 X cm -2 . The resistance of all the ITO patterned glasses was measured using a four-point probe resistivity measurement system. The substrates were cleaned with Hellmanex neutral soap solution in deionized water, isopropyl alcohol and acetone, respectively, in ultrasonic bath steps. After that, they were dried on a hot plate, followed by treatment in a UV-ozone oven. PEDOT:PSS (Al4043, Heraeus) was processed by spin-coating, followed by a backing step (110°C, 30 min, air). For processing of the emitting layer, a model LP50 inkjet printer from PixDro was used. It was equipped with a print head from spectra with 128 nozzles and 30 pL drop volume. The printed layers were processed and dried under ambient condition at 70°C for 1 h. After solution processing of the PEDOT:PSS and emissive layer, the electron side of the device was evaporated in a Univex 350 G evaporator from Oerlikon. Electrical characterization was done using a BOTEST measuring system.
Results and discussion

Synthesis and chemical properties
From a chemical point of view, there exist two main classes of TADF-type emitting materials. First, there are organometallic compounds. Apart from a few examples with tin and zinc [1] , the majority of these materials are based on copper, specifically copper(I) [5] . We note that the vast majority of zinc complexes ever used in OLEDs seem to be fluorescent, hence limiting the maximum efficiency [6] . The second big family is classic organic materials, mainly developed by Adachi et al. [7] [8] [9] . Because of the low solubility of most organic TADF materials, only few studies dealing with solution-processed devices are available. Motivated by this, we studied a class of copper(I) complexes with so-called NHetPHOS ligands [10, 11] and recently presented a carefully optimized device with a peak external quantum efficiency (EQE) 23 % external quantum efficiency (EQE). Figure 1 shows a general formula of these molecules.
Recently, we demonstrated that the photophysics and solubility may be tuned independently from each other [12, 13] . However, to reach solubility in unpolar solvents, which are often being used in inkjet-printing, it was necessary to use phosphites or alkyl phosphines [PR 3 = -P(OEt) 3 or P(n-octyl) 3 ], leading to the materials being vulnerable towards oxygen. To create a highly soluble complex with aryl phosphines, we used a new approachnon-symmetrically substituted phosphine ligands (Figs. 2  and 3 ). This strategy increases the solubility of the materials by raising the entropy contribution DS sol in the free enthalpy DG sol while effectively decreasing the lattice energy in the solid state due to the presence of several crystallographic non-equivalent species. Complex 1 contains six different m-tolyl-substituents, which can have up to two positions per tolyl-substituents. This amounts to 2 6 = 64 potential conformers. Due to a mirror plane (parallel to the pyridinyl plane), the only symmetry element in 1, the number of non-equivalent conformers, is reduced to 32.
The additional entropy contribution S can generally be calculated with
where R is gas constant and w i is probability of formation a conformer i This equation does neglect additional entropy contribution by the additional vibrational and rotational microstates per conformer and gives therefore a rough estimation of the lower limit for the additional entropy. Assuming that all potential conformers i have a similar formation probability w i , (except for the symmetric, redundant conformers, which have 2 w i ), the equation can be simplified to S = R ln 64 = 34.5 J mol -1 K -1 . In comparison with reference samples, this leads to a much higher solubility. Using symmetric p-tolyl groups, which thus cannot give any additional entropy contribution, yielded a material which was essentially insoluble (see complex 2 in [12] ), while even with branched alkyl chains (R' = iPr, see complex 12a in [12] ), a maximum solubility of 20 mg mL -1 in toluene (insolubility in non-polar solvents) was achieved. As it is given in Table 1 , the solubility of complex 1 in toluene is five times larger. While the solubility in the polar solvents ethanol and diethyl phthalate is in the order of 20 mg mL -1 , the solubility in unpolar solvents is of particular interest: For the high boiling point solvents mesitylene, tetralin and decalin, solubility values of more than 100 mg mL -1 were found. With this broad solubility window, it is possible to create high-performance inks that can be adjusted to various print heads by using solvent mixtures with tailor-made viscosity and surface tension properties. Also, by using mixtures solvents with different boiling points, the drying behavior can be tuned.
Photophysical properties
As expected from our previous work, complex 1 features a broad, unstructured emission band centered around 550 nm. The emission and excitation spectra of 1 are shown in Fig. 4 . Table 2 contains photophysical data of powder and various thin films. As it has been described before for other copper complexes [14] [15] [16] [17] , the photoluminescence quantum efficiency (PLQY) depended on the sample preparation conditions and matrix polarity.
While the powder sample showed a PLQY of 69 %, this value raised to 80 % for neat thin films. When comparing polar (ethanol) and unpolar (toluene) processing solvents, no significant differences were found. While the efficiency and color of other NHetPHOS complexes depend on the processing solvent and thus on the ink formulation [14] , this seems not to be the case for complex 1. When moving to host-guest films with PMMA or PYD2 a commonly used host material for copper emitters [18] , the PLQY further raised up to 92 %. We believe that morphological differences are responsible for this behavior. It is also noteworthy that the PLQY of 1 is also very high in neat films, a property that is unique for this kind of materials. Like other NHetPHOS-type complexes, 1 is a TADF emitter, showing a high efficiency in a device, which indicates that both singlet and triplet excitons are harvested, as well as the typical red shift of the emission upon cooling. From this, we estimated a DE S1-T1 value of 100 ± 50 meV (see SI). The solubility tests were done by stirring 20 mg of 1 at 70°C and adding the solvent portionwise after a waiting time of 10 min until a clear solution was obtained Fig. 4 Photoluminescence spectra of a powder sample of complex 1. Given is the excitation spectra measured under observation of k = 550 nm (blue) and the emission spectrum (red, k exc = 350 nm) 
Creating a model ink for OLED fabrication
In a proof-of-principle experiment, we developed a simple ink to be used for the realization of the OLED architecture shown in Fig. 5 . We used a spin-cast layer of PEDOT:PSS (E HOMO = -5.1 eV) as hole injection layer and TSPO1 as a hole and excitons blocking layer to inject electrons into the emission layer (E LUMO = -2.5 eV [19] ). To facilitate efficient electron injection, BCP and TPBi (all evaporated) were also used. We note that in this device architecture, the emitting material transports both holes and electrons. Also, the emission layer was processed under ambient conditions. Because of this, a reliable estimation of the stability of complex 1 was not feasible. The stability at 100 cd m -2 starting luminance was in the multi-hour region.
The inkjet-printing of the emission layer was done under ambient conditions with an ink based on decalin, which was selected based on its favorable wetting on PEDOT:PSS layers and superior jetting behavior in the setup described in Experimental section. Due to a viscosity of 2.46 mPa s -1 at 25°C and a surface tension of 31.4 mN m -1 , it is possible to print with decalin-based inks without any further additives. Using a concentration of 8 mg mL -1 yielded a layer thickness of 20 nm. The printed layer was dried at 70°C under air. Figure 6 gives the properties of the printed device. The turn-on voltage (4 V) and the nonlinear behavior found in the luminance-efficiency plot suggest that the charge carrier balance of the device needs to be improved. However, the electro-luminescence spectrum is in good agreement with the PL spectrum (Fig. 4) . The peak efficiency of 45 cd A , is high and corresponds to an external quantum efficiency of 13.9 ± 1.9 %, indicating that both singlet and triplet excitons are harvested. We did not investigate the impact of the inkjet process on the layer roughness, which could increase the outcoupling. Recently, it has been shown that rough layers can lead to an efficiency increase of up to 37 % [20] . Assuming an outcoupling factor of g out = 0.2 [21] , this translates to an internal quantum efficiency (IQE) between 44 % (if we also consider a 37 % EQE increase due to roughness) and 79 %. This is lower than the 82 % PLQY found in a neat film ( Table 2 ) and suggests that the maximum efficiency achievable with 1 is probably even higher.
This suggests that the efficiency can be further increased by adjustment of the layer thicknesses to improve the charge balance. Obviously, it is likely to reach even higher efficiencies by using a host material such as PYD2 (PLQY 93 %, see Table 2 ).
Conclusion
In this study, we introduced a new, highly soluble TADF emitter based on the NHetPHOS copper complex family. With this, we demonstrated a new strategy to design such complexes that feature high solubility in both polar and unpolar solvents without relying on instable alkyl-or alkoxy-substituted phosphines. This enables the use of these materials in industrial processing techniques such as inkjet-printing. In a showcase experiment using neat emitting material incorporated into a simple OLED architecture, we reached internal quantum efficiencies of 6 Optoelectronic characterization of the inkjet-printed device 13.9 ± 1.9 %. The emitting layer of this device was processed with inkjet-printing under atmospheric conditions.
